The structure of metal nanoparticles embedded inside dielectric nanowires/nanotubes, namely nanopeapods, has been of increasing interest due to their unusual photoresponse and optical adsorption properties. This paper presents a type of new inorganic nanopeapod: faceted Au nanoparticles inside MgO nanowires. The Au self-assembles into a nanoparticle chain during the vapor-liquid-solid growth of the MgO nanowires for which gold also serves as the catalyst. Surprisingly such a chain can follow the whole axis of the MgO nanowires even if the latter zigzag, provided that the amount of gold is sufficient. It is shown that such Au@MgO nanopeapods form not only under metalorganic chemical vapor deposition conditions (Lai et al 2009 Appl. Phys. Lett. 94 022904), but also under our conventional vapor transport deposition condition. This new nanopeapod material might be a candidate for the study of electronic and/or plasmonic wave transport along nanowires.
(Some figures in this article are in colour only in the electronic version) Nanowires of dielectric materials such as SiO 2 , Al 2 O 3 , MgO, and complex oxides like perovskite Pb(ZrTi)O 3 and BaTiO 3 have been one of the focuses of nanoscience research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Such nanostructures can be the host for spintronic devices and nanocapacitors, or agents for advanced ceramics to improve dielectric behavior [13] [14] [15] [16] . In particular, the nonlinear optical properties of a dielectric material can be tailored by embedding discrete metal nanoparticles in it. A typical known example is Ag in glass [17, 18] . It was recently demonstrated that the surface plasmon resonance of a periodic Au nanostructure sandwiched by a Pb(ZrTi)O 3 layer can be both red shifted and blue shifted up to ∼120 nm by the piezoelectricity of the Pb(ZrTi)O 3 film [19] . Lee et al demonstrated that the third-order susceptibility of a (Ba, Sr)TiO 3 film dispersed with gold nanoparticles (∼3.8 nm) is maximized near the surface plasmon resonance of gold [20] . In case of MgO, it has long been reported that the surface plasmon resonance wavelength of ion-implanted Au nanoparticles within MgO can be shifted in the range of 524-560 nm depending on the post-annealing atmosphere [21] . Such a shift has been proposed to stem 3 Author to whom any correspondence should be addressed. from the existence of quantum antidots at the surface of Au nanoparticles, and associated electron transfer from Au nanoparticles to the quantum antidots [22, 23] . In these studies, the Au nanoparticles were implanted into a MgO film; it is expected that on a nanoscale, the nonlinear optical properties of MgO nanowires should be also influenced by the existence of Au nanoparticles. Indeed, the surface plasmon of Au nanoellipses has been shown to contribute to the enhanced photosensibility of SiO 2 and Ga 2 O 3 nanowires [24, 25] . The self-assembly of metal nanoparticles into MgO nanowires into a type of nanopeapod structure, as we will demonstrate in this paper, might provide a suitable candidate for the above mentioned studies.
Similar nanopeapod structures have been observed in SiO 2 [25] [26] [27] and Ga 2 O 3 nanowires [24] which were formed in situ through self-assembly with a gold catalyst. Recently, large quantities of nanopeapods of Pt@CoAl 2 O 4 and Cu@Al 2 O 3 have also been intentionally fabricated by a German group in a process involving Rayleigh instability [28, 29] . While the fabrication of MgO nanowires has been intensively studied by various groups using different methods [4, 30-34, 11, 35, 36] , there are few reports on the formation of Au@MgO nanopeapods. During the preparation of this manuscript Lai et al mentioned in passing the nanopeapod structure in their growth optimization experiments on MgO nanowires by metal organic chemical vapor deposition [30] . However, no details on the structural properties or growth mechanism were given.
In this paper, we report in more detail the morphology and possible growth mechanism of Au@MgO nanopeapods. We found that such a structure occurs very frequently during the vapor-liquid-solid (VLS) growth of MgO nanowires through a simple vapor transport and deposition process. The gold nanoparticles are faceted rather than elliptical, and can exist throughout all the axes of the nanowires.
Nanowire growth was conducted inside a horizontal quartz tube furnace via a vapor transport and deposition method. The source material, Mg 3 N 2 powder (Alfa Aesar, 99.5%), was put inside a small quartz tube (inner diameter 12 mm, length 15 cm) and located at the center of the heating zone. Oxidized silicon substrates or MgO(001) crystal were deposited with ≈3 nm thick gold film by sputtering, and located 2-3 cm downstream inside the small quartz tube. The small tube (with powder and substrate) was inserted into a larger one (25.4 mm diameter). The temperature near the source and the substrate was about 900 and 800
• C, respectively. Mg vapor obtained by thermal decomposition of Mg 3 N 2 was transported downstream and reacted with the trace oxygen. The total pressure inside the quartz tube was maintained at either 200 or 10 mbar by Ar gas flow (100 sccm) and pumping. The structure and crystallography of the samples were investigated using field emission scanning electron microscopy (FESEM; JEOL JEM-1400F), transmission electron microscopy (TEM; Philips CM20T), and high-resolution TEM (JEOL JEM-4010).
Previously MgO nanowires have been grown either by vapor transport and deposition, pulse laser deposition (PLD), or metalorganic chemical vapor deposition (MOCVD). In all these experiments, gold is used as a catalyst for the VLS process. For our MgO nanowire growth experiments, the resulting morphology is found to be very sensitive to the level of oxygen partial pressure, which is consistent with the findings in other work [4] . A general result of our experiments is as follows: if MgO(001) epitaxial substrates are used, the nanowires are vertically aligned and unidirectional; in case of Si substrate, however, the nanowires have random alignment and a long length (>10 µm) and generally have a 90
• zigzag shape (see figure 1 ). The zigzag shape can appear at ambient pressures of both 10 and 200 mbar [37] . The reason for this is unknown, but is most likely related to diffusion of the catalyst [35] . Similar zigzag shaped or branched MgO nanowires were also previously reported by Li et al [38] and Hao et al [4] , using a metal Mg source. The reason for the zigzag shape is most likely due to thermodynamic fluctuation of the liquid-solid interface caused by instability of the growth parameters, such as temperature or pressure. Hence, the direction of growth easily changes between the equivalent 100 directions. On the other hand, those MgO nanowires fabricated by PLD have nearly no zigzag shape [24, 31, 34, 36] . This might be due to the fact that in the PLD process the temperature and vapor partial pressure are under better control.
Our MgO nanowires are single crystalline and are also believed to grow via a VLS mechanism, as indicated by the Au tip in figure 2 . 4 A major distinction from previous reports is that during our TEM observations it was found that more than 50% of the MgO nanowires, even from different growth batches, have gold embedded in their interiors, forming a peapod structure (see figure 3) . The gold was confirmed by energy dispersive x-ray spectroscopy (EDX) line scan across two particles, as shown in figure 2(c). This shows the Au signal only at the particle sites whereas a uniform profile of Mg and O. Such peapods are found to appear more often at 10 mbar than at 200 mbar, which again might be related to the catalyst diffusion that occurs more easily at a lower pressure, according to Yanagida et al [35] . Interestingly, even when the nanowire suddenly changes its growth direction, the Au chain also follows the zigzag (see figures 3(a) and (d)). The nanoparticles have a quasi-periodical distribution. For certain nanowires, a transition from a continuous gold line to individual particles is observed near the ends of the MgO nanowire, as indicated by white arrows in figure 4 . This phenomenon is similar to the often-observed Au@SiO 2 nanopeapods. However, the observation of such a nanopeapod structure in MgO is very rare. Based on inspection of many other TEM images and the VLS growth mechanism, we expect that the gold locates at the growing fronts rather than the nanowire roots.
Another peculiarity of Au@MgO nanopeapods is that the gold particles are single crystalline and faceted, as revealed by the high-resolution TEM images in figure 5 . This is in contrast to the elliptical Au nanodots embedded in SiO 2 nanowires. Such faceting is attributed to the single • zigzagged due to a switch in growth direction between the equivalent 100 directions. crystalline characteristic of the MgO nanowires compared to the amorphous SiO 2 . In the crystalline surroundings, the Au particles tend to reduce the total surface energy by forming facets. The Au nanoparticles have the shape of a partially truncated octahedron (as shown by the schematic model). Their overall shapes in figures 5(a)-(d) are a result of projection of different special orientations of the octahedron [39] . Two examples are given in figures 5(e) and (f) to show how they fit respectively to figures 4(c) and (d) by rotation.
The lattice structures of MgO(200) and Au(111) and Au(100) are clearly resolved. Both Au and MgO have a face-center-cubic structure with lattice constants of a MgO = 0.421 nm and a Au = 0.408 nm. Therefore an epitaxial interface is expected in their major planes. This is indeed the case in figure 5 , where a relationship of Au(001) MgO(001) is established, as indicated in figure 5(c) . This is consistent with the findings by Wang et al [22] in their TEM investigation of implanted Au nanoparticles inside MgO substrates, in which the same epitaxial interface was inferred based on the cubic faceting of the generated vacancy clusters (i.e. antidots). Table 1 summarizes the so-far reported inorganic nanopeapods formed either through in situ self-assembly during VLS growth of nanowires or by heating induced defragmentation of initially continuous gold cylinders within Oxide induced instability at the nanowire front [30] and this work 1-3 two different mechanisms were proposed, as indicated in table 1: the first is a top-down 'flow of gold' process. For case 1, the AuSi atop the nanowires is squeezed into the wire body by the growing SiO 2 sheath; for case 2, nonuniform supersaturation (higher at edges than at the center) takes place during the significant fluctuation in temperature, so that crystallization prevails around the catalyst droplet. In both cases, the instability is induced by the faster growth/oxidation immediately surrounding the edges of the liquid droplets than at the liquid-solid interface. The second mechanism (case 3) is a bottom-up process in which the Au-Si composite nanowires grow from the silicide islands. The pre-formed Au-Si nanowires in the core break into a chain of Au 2 Si nanospheres due to growth instability (namely, a periodic change of the melting curvature). A common feature for both mechanisms is that the metal nanochains are formed by pinching off a metal cylinder due to the instability of such cylinders.
In our case of Au@MgO, the gold particles are found at the growth fronts (see figures 1(b) and 2(a)). It is conceived that the mechanism should differ from the second one but may be similar to that for cases 1 and 2. Figure 6 shows schematically our proposed formation process. The possible chemical reactions include
At the growth temperature of 800
• C, Au can alloy with Mg to form a Au-rich eutectic according to the phase diagram. Upon supersaturation in the liquid alloy the Mg precipitates and is simultaneously oxidized into MgO just near the edge of the liquid-solid interface (oxygen comes from trace air in the chamber). The growth is relatively fast (∼2 µm min −1 on Si substrates) so that part of the gold can remain at the core as a continuous cylinder before precipitation at the center of the liquid-solid interface. When the gold nanowire core reaches a certain length it becomes unstable and then transforms into discrete nanoparticles. When the gold is not completely consumed at the growing ends, a section of continuous gold core remains near the ends, as seen in figure 4 .
Coming back to the zigzag morphology, as mentioned earlier, the MgO nanowires were grown via VLS with the AuMg eutectic droplet as catalyst.
The synthesis process, thermal evaporation followed by vapor transport and deposition, is a non-equilibrium one, in that the temperature and Mg vapor partial pressure can fluctuate significantly. Hence instability occurs at the liquid-solid interface, leading to changes in the growth direction. Following this process, Au nanoparticles dislodge from the eutectic tip forming peapods. In addition, we also found such zigzag or branched MgO nanowires without gold embedding, especially for the growth at 200 mbar [37] . This corroborates our proposal that the peapods are formed via a 'top-down' process along the nanowires during the VLS growth, as schematically shown in figure 6 .
It has been reported that Fe can diffuse into MgO near 600
• C, for example during the Fe-catalyzed growth of carbon nanotubes on MgO [40] , and during the growth of perovskites on Pt/MgO/Fe layers [41] . In order to examine the possibility that gold diffuses from the MgO nanowire surface into the bulk, a control experiment was conducted. Gold nanoparticles of diameter 15 ± 3 nm were attached to the surface of MgO nanowires which were immersed into a colloidal suspension. The sample was then annealed in air at 800
• C for 8 h. TEM observation (see figure 7) shows only surface agglomeration and formation of large Au particles or maybe slight sinking into the nanowire body [42] , but no penetration into the bulk of MgO nanowires. In addition, as seen in figure 7 (c), a large Au particle atop one nanowire did not flow into the wires. This corroborates that the structures shown in figures 3 and 4 are formed in situ during the growth of MgO nanowires, similar to the proposed mechanism for Au@SiO 2 and Au@Ga 2 O 3 nanopeapods [24, 26] .
In conclusion, we present clear evidence of Au@MgO nanopeapod structures, which appear frequently during the vapor-phase growth of MgO nanowires using Au film as a catalyst. This kind of hybrid structure may have interesting nonlinear optical applications as induced by the surface plasmon resonance of the Au particles, provided that the Au particle size and distance can be tuned by further optimizing growth conditions or employing new growth techniques (e.g. microwave enhanced chemical vapor deposition).
